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When flow is applied on a semi-crystalline polymer melt, it can greatly impact how it 
crystallizes its final properties.  Therefore, it is crucial to understand the basic mechanism of flow 
induced crystallization (FIC).  Only then will it be possible to predict final properties from the 
type of resin and processing conditions.  Polypropylene is one of the most widely used polymers. 
Its processing generally involves subjecting the melt to intense flow fields, so FIC commonly 
occurs. 
This study investigates the influence of temperature of shear and crystallization on the FIC 
behavior of isotactic polypropylene (iPP). Temperature is one of the main controlled parameters 
in processing techniques such as injection and extrusion.  Here, iPP is subjected to a range of 
shear stresses and shearing times at three different temperatures.  Optical polarized microscopy 
displays differences in the morphology that forms after FIC at different temperatures. Real-time 
in-situ optical measurements track structure formation during and after shear. Capillary 
rheometry reveals changes in the rheological behavior of the polymer melt during flow. Finally, a 
depth-sectioning method is used to isolate the contribution to FIC of each sample layer at the 
different temperatures investigated.   
It was found that temperature has a significant influence on how oriented structures form: the 
formation of a highly-oriented skin is facilitated at low temperature in terms of required critical 
shear stress.  However, the boundary between the highly oriented skin and other types of 
morphologies is not as sharp as at higher temperatures due to the presence of other oriented 
structures (skin lines and sausages).  Results also indicate that, at low temperature, the rapid rate 
of growth of kebabs already during the shear pulse can impact the formation of oriented 
precursors under strong flow conditions.  Generally, the observed trends suggest that the effects 
of increasing temperature are comparable to the effects of increasing the ethylene content in a 
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1. Chapter 1 : Introduction 
1.1. Polypropylene 
1.1.1. General properties 
 
Polypropylene is one of the most widely used polymers with an annual production of more 
than 50 million tons (2011). It belongs to the polyolefin family and is the second most basic 
polymer after the polyethylene. Its repeating unit consists of a simple carbon chain with a methyl 





Figure 1-1 Scheme of the propylene repeating unit 
 
The stereoregularity of the position of the side group along the chain is called tacticity. If the 
position is random, then the polymer is classified as atactic. If all the groups are on the same side 
of the chain, the polymer is isotactic. Finally, if the side groups are alternatively on one side and 
on the other, the polymer is syndiotactic. 
The tacticity is a key parameter when studying a polymer as its ability to crystallize relies 
partially on it. Atactic polymers are usually unable to crystallize, as the random position of the 
side groups does not allow the chains to stack properly. Syndiotactic and isotactic polymers can 
be semi-crystalline. For some polymers, the type of tacticity can be controlled when the product 
is synthesized. For example, both amorphous atactic polystyrene and semi-crystalline 




For this study, the polymer that will be used is an isotactic polypropylene (iPP) and a random 
copolymer based on iPP.  
 
1.1.2. Quiescent Crystallization 
 
Isotactic polypropylene is a semi-crystalline polymer whose chains arrange in helicoidal 
conformation to form crystallites. As a polymorphic material, it can be found under three 
different crystalline forms. The most common and thermodynamically stable is the monoclinic α-
phase with lattice parameters a = 6.65 Å, b = 20.96 Å, c = 6.50 Å and β = 99.8° (G. Natta, 1960). 
It results in the cross-hatched structure, which consists in the growth of daughter lamellae from 
the radial parent lamellae, at an 80° angle (D.R. Norton, 1985) (F.J. Jr. Padden, 1966).  The 
second potential phase for iPP is the β-phase which has a trigonal crystal lattice of parameters a = 
b = 11.0 Å, c = 6.5 Å, α = β = 90° and γ = 120° (S.V. Meille, 1994). It is more likely to be 
formed when the polymer is subjected to temperature gradients.  Finally, the third phase that can 
be obtained from the crystallization of iPP is the triclinic γ-phase whose lattice parameters are a = 
c = 6.55 Å, b = 21.57 Å, α = 97.4°, β = 98.8° and γ = 97.4° (S.V. Meille S. B., 1989). It is often 
shear-induced and grows from the α-iPP lamellae at an angle of 80°. 
 
The crystallization process consists in two phases: the nucleation step and the growth step. 
(G.W. Ehrenstein, 2001). Nucleation is the phase during which nuclei --areas from which 
subsequent growth will occur-- are being formed. The nuclei consist of small regions where there 
is a local, short range order in the polymer chains i.e. they happen to be parallel thanks to thermal 
mobility (homogeneous nucleation). These embryos can also originate on defects and impurities 
in the melt (or in the solution). In such case, the nucleation is heterogeneous.  If the size of the 
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regions with local short range order exceeds a critical value, they become thermodynamically 
stable and therefore, are considered as stable nuclei; otherwise, they disappear.  
 
Once a nucleus is formed, additional polymer chains (or another part of a chain already 
involved in the nucleus) can align to the existing aligned chain segments of the nucleus, starting 
the growth of a lamella. In lamellae, the polymer chains align approximately in a direction 
perpendicular (solid double arrow) with respect to the direction of growth (dashed arrows), as 








Figure 1-2 Scheme of a lamella with polymer chains folding back and forth  
 
 The thickness of lamellae is typically within the range of 5-10 nm (Cooper). As they grow 
away from the nucleus under quiescent conditions, the lamellae splay, diverge and twist forming 
a 3D spherical macrostructure called spherulite.  In a perfect spherulite, the lamellae would fill 
the entire free space. However, due to the size of the macromolecules, it is impossible for the 
chains to arrange perfectly throughout their entire length and their crystallization is kinetically 
controlled. Therefore, amorphous regions remain in between the crystalline lamellae, constituting 
a semicrystalline structure. While this two-phase model (crystalline lamellae + amorphous phase) 
is mainly used to describe polymer crystals, models including a third phase have been proposed 
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(Mathot, 1994). They take into account that chains coming out of the lamellae and entering the 
amorphous phase are not completely free as their mobility is hindered by the rigid crystalline 
lamella. This interface has been called the rigid amorphous phase. 
It is therefore important to note that even if the entire microstructure of a sample is covered 
by spherulites, it does not mean that the sample is 100% crystalline. The maximum degree of 
crystallinity strongly depends on the nature of the polymer as on the experimental conditions but 
typical maximum values are about 70-80%. 
The lamellae in a spherulite do not necessarily grow along a straight line -- their direction of 
growth can change. Generally, the direction of the chains is radial (along the radius axis). 
Therefore, their orientation in space will be different depending on the angular position in the 
spherulite.  The polymer crystals are birefringent due to the difference in index of refraction 
along and perpendicular to the chain.  Because the chain direction is different at various sectors 
of the spherulite, bright and dark regions are displayed when exposed to crossed polarized light. 
The darker areas form a characteristic pattern called the Maltese cross (Figure 1-3). 
 
 
Figure 1-3 Maltese cross of a spherulite in iPP crystallized under quiescent conditions during 1h at 150°C. Red 





1.1.3. Role of temperature 
 
As explained above, once the temperature of the melt is lowered enough, small areas of 
aligned chains are found and become nuclei for the lamellae to grow from. If the temperature is 
too high, these embryos would dissolve rapidly so it has a significant influence on the nucleation.  
On the other hand if the temperature is too low, there will not be enough energy left for the 
chains to move and arrange, leading to an amorphous state. As a consequence, the density of 
nucleation will be a function of the temperature and, with it, the size of the spherulites. Indeed, a 
low nucleation density will result in bigger spherulites as they will have more space to grow (if 
enough time and heat is given to them to reach such size) whereas in the case of a high number of 
nuclei, the spherulites will impinge faster. 
The linear growth rate of crystallization also depends on the temperature of crystallization, as 








Figure 1-4 Typical growth rate curve as a function of temperature, with the glass transition temperature Tg and the 










For the growth to occur, the system needs enough molecular mobility to arrange the chains 
into a crystal lattice. If the temperature is too low, the molecules do not have the necessary 
energy to move and align with respect to each other. On the other hand, a high temperature brings 
too much energy to the system, making the chain vibrate and enable to arrange into lamellae. As 
a consequence, when plotting the growth rate versus the crystallization temperature, one will 
obtain a bell-shaped curve where the maximum value is the optimal temperature for the growth to 
happen (Figure 1-4). Depending on the material, this temperature is not necessarily equal to the 
optimal temperature for nucleation which means that for the crystallization to occur in isothermal 
conditions, the temperature has to enable both nucleation and growth. 
1.2. Flow-induced crystallization 
 
When submitted to a flow, polymers can develop morphologies that are different from those 
that would grow under quiescent conditions. For example, a skin-core morphology where the 
polymer near the mold’s wall (i.e. subject to the highest shear stresses) is highly oriented while 
the core (subjected to lower shear stresses) develops a spherulitical structure typical of quiescent 
crystallization. (Hill, 1971).  
 




The highly oriented crystalline structures formed have been found to arise from a shish-kebab 
geometry of crystallization (A.J. Pennings, 1965).  A conceptual model proposed by Janestchitz-
Kriegl (S. Liedauer, 1993) would be the following: during flow--if flow conditions are strong 
enough-- precursors elongated in the direction flow form, which are called threads or shish.  After 
cessation of flow, radial growth of lamellae called “kebabs” occurs from these oriented nuclei in 
a disc-like geometry.  These kebabs continue to grow until they impinge with each other, or with 
precursors. The result is a dense layer of oriented features called the highly-oriented skin. 
 
                                  
 
 
Figure 1-6 3D representation of shish (horizontal precursors) and kebabs (discs) 
 
These structures are known to enhance mechanical properties such as Young’s modulus and 
stiffness (G. Kalay, 1997). It will also have an impact on other properties such as conductivity or 
permeability. The optical properties are also strongly affected with the appearance of the highly-
oriented features. For example, when exposed to a polarized light, the material will display bright 
or dark areas depending on the angle between the oriented direction and the polarizer and 
analyzer. 
Sometimes, oriented structures other than the highly oriented skin have been found at lower 
level of shear stress, such as skin lines or sausages.  Skin lines or sausages are also thought to 
arise from shish-kebab type of structures, but they do not densely populate a volume (as they do 
in the highly oriented skin).  Therefore, there are observed as lines of relatively high orientation 
14 
 
and in between them there are unoriented regions that can be significantly wide in the case of 
sausages (L. Fernandez-Ballester D. T., 2012). In addition, fine grained layers can be observed 
which consists of small spherulites.  This type of structure arises when flow is not strong enough 
to form oriented precursors (shish), instead, flow forms point-like nuclei with result in an 
increase of nucleation density and smaller size of spherulites (Woodward, 1995). 
 
 
1.3. Effect of temperature on flow-induced crystallization 
 
A very common way to manufacture polymers is to extrude or inject them to get a desire 
shape. One of the parameters that can easily be controlled in those processes is the temperature. 
In the case of injection molding for example, engineers design molds based on the rheological 
behavior of the material injected. Therefore, it is crucial to understand how the polymer 
crystallizes while being injected to optimize the molding process. Because properties are 
dependent on the microstructure of the material, it is of utmost importance to know how 
manufacturing conditions affects flow-induced crystallization in order to predict the final 
properties of the product (E. Koscher, 2002). 
Previous work showed that the temperature has a significant influence on nucleation and 
growth of oriented structure arising from the imposition of flow onto a melt (J.A. Kornfield, 
2002). It was shown that increasing the shearing temperature makes the formation of thread-like 
precursors occur at earlier times, while simultaneously decreasing the growth rate of kebabs 
(which remains the same as the growth rate under quiescent conditions). This has been explained 
by the fact that the formation of precursors cannot be described by the classical nucleation theory, 
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and is not triggered by an activation barrier but is rheologically controlled: the temperature 
dependence of this type of nucleation follows the time-temperature shift factor (G. 
Kumaraswamy J. K., 2002).  In addition, when precursors were formed by shearing at 





A polymer can consist of monomers of different chemical make up. In such case, the material 
is referred to as copolymer. There are several types of copolymers, depending on the position and 
regularity of the different monomers along the polymer molecule. They can be alternating, block 
or periodic copolymers when there is regularity in the monomers sequence. However in this 
study, a random copolymer have been used. They are a sub-class of statistical copolymers in 
which the probability for the presence of a particular monomer at a given position on the chain is 
equal to its mole fraction (P.C. Painter, 1997). 
 
The current work involves one grade of polypropylene-ethylene random copolymer in 
addition to an isotactic polypropylene homopolymer. While crystallizing, the random copolymer 
exhibits partial inclusion of the ethylene monomers in the polypropylene crystalline lamellae 
(R.G. Alamo D. V., 2000). This results in a decrease of the crystallization rate, the melting 
temperature and the crystallinity:  the ethylene units act as  defects which interrupt the regularity 





1.5. Aim of the project 
 
The objective of this study is to determine the influence of shearing temperature on formation 
of oriented structures during flow-induced crystallization, and to compare it with the previously 
studied influence of random ethylene content. 




2.1.1. The isotactic polypropylene (iPP) 
 
An isotatic polypropylene homopolymer (iPP) was used in the current study, specifically the 
Borealis HD244CF grade with a density of ~ 855 kg/m
3
 and a melting temperature Tm ~ 164°C as 
determined by DSC (J.W. Housmans G. P., 2009) (al, 2005).  For the second part of the study, a 
random ethylene-polypropylene copolymer with an ethylene content of 7.3 mol. % was employed 
(J.W. Housmans G. P., 2009) (al, 2005). The specific grade is Borealis RD208CF, with a density 
~ 855 kg/m
3
 and a melting temperature Tm ~ 139°C--much lower than that of the homopolymer.  
Both polymers have a molecular weight of Mw = 310 kg.mol
-1
 and a polydispersity 
𝑀𝑤
𝑀𝑛
 ~ 3.4 






2.2. Preparation of the ingot 
 
In order to fit in the machine, the polymers  samples are transformed from their original state 
(pellets) into ingots by melting and compression. A stainless steel mold is used to mold the 
polymer sample into a cylindrical shape with a diameter of 19 mm ( 












Figure 2-1 Scheme of the mold for ingot making with the individual parts (1), (2), and (3). The part (3) is assembled to 
(2) with 4 screws. Then the polymer is introduced inside the mold (blue shape). A vacuum pump is connected to (4). The 
pressure (red arrow) is applied on (1).  
The pressure is applied by a hydraulic press Carver 2699 with heating plates. The mold is 
connected to a vacuum pump in order to evacuate the bubbles from the ingot while it melts.  
Pressure is applied to compress the pellets (P ≤ 2 tons) and then the heaters are turned on to bring 
the mold to 415°F (~ 213°C). This heating process takes about an hour if the press is initially at 







without disconnecting or turning off the vacuum pump and it is placed on a metallic plate so that 
it cools rapidly. After cooling down, the ingot is extracted from the mold and is trimmed at the 
edges with a razor blade to obtain a perfect cylinder. 
 
2.3. Flow-induced crystallization apparatus 
 
2.3.1. Shear apparatus 
 
The setup used in this study is based on Kumaraswamy’s rig (G. Kumaraswamy R. V., 1999). 
It allows applying a high shear stress using an air-powered piston while controlling the pressure 
(related to the stress), the time of shear and the temperature.  The gas (here, nitrogen) is stored in 
bottles at high pressure. It is sent into a buffer tank that can be filled at a specific pressure. A 
pneumatic valve then releases this pressure onto the piston.   The ingot is stored in a reservoir in 
the back of the apparatus. When the piston hits the reservoir, it pushes the polymer through a slit 
into a cell, creating a pressure driven shear flow. A transducer located on the wall measures the 
pressure in the slit, so it is not necessary to apply a Bagley correction (Macosko, 1994). This 
setup has a large thermal inertia, therefore it cannot achieve rapid changes in temperatures. 
However, it is able to reach high pressures up to 75 psi (517kPa) which allows performing tests 











In order to get real-time measurements, a polarized laser beam is used which passes through 
the sample while the experiment is performed, in real-time. The polarized light allows obtaining 
specific information on the process of crystallization of  the sample. The intensity of the laser 
before it goes through the sample (initial intensity, I0) is measured, as well as the intensity after 






Figure 2-2 Schematics of the optical setup with the parallel and perpendicular detectors Dpar and Dperp respectively. 
The flow direction is given by the blue arrow.  
 
The source is a Helium-Neon laser (Thorlabs) with a λ ~ 633 nm. The analyzer is oriented at 
45° and the polarizing beamsplitter is at -45° with respect to the flow direction. 
2.3.2.2. Calculations 
 
The intensity probed by the two detectors can be used to compute several quantities: 
- The turbidity of the sample is calculated by dividing the total intensity at a time t of the 



























Where Iperp and Ipar are the intensities at the perpendicular and parallel detectors respectively 
at t, and Iperp0 and Ipar0 these same intensities at t = 0. 
- From the literature (G. Kumaraswamy, 1999) (L. Fernandez-Ballester, 2009) we know that these 
intensities can be used to compute the retardance δ’ using 
 





- When δ’ starts going over orders (sinusoidal shape), this equation is no longer used and the 
retardance values are obtained by indexing each minima and maxima with kπ where k = 1,2,3 etc. 
Therefore the first peak will be replaced by π, the first valley by 2π etc. These are the values of δ’ 
but it has been proved (K. Hongladarom, 2002) that this assumption can be made without 




The protocol to run flow-induced crystallization experiments starts with turning on the 
heaters located in the back of the device (reservoir) and wait for that part to reach 200°C. Once 
this temperature is reached, it is convenient to wait 15 to 20 minutes for the temperature to be 
homogeneous in the ingot to make sure it is completely melted.  
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The next step is the preparation of the cell whose first step is the cleaning of the inside of the 
two parts with razor blades and abrasive sponge for the stainless steel parts, ethanol and soft 
tissue for the windows. Aluminum foils have to be set in between the two parts before closing the 
cell to prevent polymer to glue the two faces together. Then the cell is introduced into the front 
part of the cartridge.  
The heaters of the front part of the device are turned on to reach 215°C. This corresponds to a 
temperature at which the thermal history of the sample will be erased. A first injection of the 
piston is used to fill the cell (the pressure applied is set at 15 psi during 15 s). Then the cell is left 
at 215°C t erase the thermal history of the polymer.  
The cell is then quenched at the target temperature of crystallization Tx using water cooling. 
Once the right temperature is reached, the shear pulse can be applied (except in the case of a 
quiescent test where the experiment starts directly) with a specific pressure during a specific 
shearing time ts. The extrudate amount is collected for future reference. 
The temperature is maintained in isothermal during 1h for standard experiments or longer if 
needed (in the case of specific quiescent tests for example). 
When the experiment is over, the cell is extracted and left on a metallic structure to cool 
down. It is then opened and the sample is collected. 
 
2.4. Capillary rheometry 
 
The capillary rheometry gives important information on the rheological behavior of the 
material such as the evolution of the viscosity when changing a specific parameter. As mentioned 
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above, the amount of polymer extruded during shear is collected and its weight mext is measured 







where ts is the shearing time and ρ the density of the polymer (855 kg/m
3
 for both iPP and 
Raco 7, (F. Bedoui, 2004)). One can now define two different shear rates: the apparent shear rate 
?̇?𝐴 which corresponds to a newtonian fluid and the true shear rate ?̇?𝑊. The apparent shear rate is 






Where w is the width of the slit and h is the height. Now when plotting the logarithm of  ?̇?𝐴 
versus the logarithm of the shear stress at the wall of the channel σw, the obtained curve has a 
slope β. From this, we can get the power law coefficient n: 𝑛 =
1
𝛽
 and the true shear rate: 











Figure 2-3 Scheme of the channel where L is the length between the transducer and the exit, w is the width, h is the 
height, Ptransd is the pressure at the transducer and Patm is the atmospheric pressure. 
 
Ptransd 






To find the shear stress at the wall, we need to write the force balance: 
ΔP x h x w = (Ptransd - Patm) x h x w = σw x w x L x 2 
As h << w, and Ptransd >> Patm: 
Ptransd x h = σw x L x 2 













2.5. Depth sectioning 
 
The depth sectioning allows studying the variations in flow-induced crystallization when 
comparing different ranges of shear stresses. As the stress varies linearly throughout the thickness 












Thickness 1 = f(Stress 1) 




Now proceeding with that logic, if two experiments are performed using two different wall 
shear stresses σw,1 and σw,2 at the same temperature with the same shearing time with σw,1 > σw,2, 
then one can consider the structure from the test at σw,2 representative of what is happening in an 











Figure 2-5 Samples cross-sections of tests realized with σw,1 (left) and σw,2 (right) applied. If σw,1  > σw,2 , the cross-
section of the experiment with σw,2 applied is equivalent (dashed lines) to the inner part of the cross-section of the 
experiment with σw,1 applied. 
 
Now when subtracting the real-time in-situ measurements results of σw,1 and σw,2 one can 
isolate the response of one particular layer (the outermost layer). Applying lower σw allows to 
perform this layer-by-layer analysis throughout inner layers.  
 
To make this subtraction, one first needs to normalize to the highest σw (AUBIN, 2013). In 
our case, σw,1 = σw,max. We will be focusing on one particular real-time measurement: the 



















2.6. Microtome and optical polarized microscopy 
 
The microtoming process of the samples is described in APPENDIX 1. The sample is cut 
along the flow direction and placed between microscope slides. 
The Olympus BX51 microscope is equipped with an analyzer and a polarizer, along with a 
rotating stage. It will be used in transmission for all pictures.  
The angle at which the oriented features in the microstructure appear the brightest is defined 
as the “vertical” position, which corresponds to the angle at which the polarizer is parallel to the 
flow direction. Several pictures are taken at different exposure times (typical exposure time vary 
from 0.5 to 5 ms) to ensure the visibility of the different features. The clearest one will be 
selected to perform the thickness measurements of the different features in the microstructure. 
Once all the pictures are taken, the same procedure is repeated after rotating the stage of 45° from 




3. Chapter 3 : Results and discussion 
3.1. Isotactic polypropylene 
3.1.1. Quiescent behavior 
 
The morphology obtained after quiescent crystallization at Tx = 150°C and 1h (Figure 
3-1) shows a spherulitic structure (~ 90 µm diameter) over most of the sample and a small 
transcrystalline layer (~ 35-40 µm) near the mold of the wall.  Note that the optical micrographs 
in which the flow direction is 45° or parallel to the polarizer (Figure 3-1, left and right 
respectively) look very similar, indicating that the transcrystalline layer is not highly oriented.  
This quiescent morphology serves as a control for flow experiments, given that the experimental 








 Figure 3-1 Optical polarized microscopy (OPM) of iPP after isothermal crystallization at Tx = 150°C for 1h and 
then quickly cooled to room temperature. The direction of flow (F), polarizer (P) and analyzer (A) are shown by the 
arrows 
It is inferred that most of the polymer crystallized during cooling: the estimated linear growth 
rate for iPP at 150°C is G ~ 0.0023µm/s  (Z. Ma, 2013), meaning that only up to ~ 8 µm of 






occurred isothermally at 150°C, it was not enough to produce any increase in the turbidity of the 
sample (Figure 3-2, left).  No increase in birefringence was observed during isothermal 






Figure 3-2 Real-time development of turbidity (left) and birefringence (right) for iPP during crystallization at Tx = 
150°C for 1h under quiescent conditions. 
The quiescent morphology at 150°C is qualitatively very similar to that previously found at 
Tx = 140°C in another study (AUBIN, 2013).  For Tx = 160°C, the linear growth rate is roughly 
extrapolated to be at least an order of magnitude smaller than at 150°C,  G ~ 0.00037 µm/s. The 
quiescent experiment at 160°C was not performed because most of the growth would be expected 























Figure 3-3 Optical Polarized Micrograph (OPM) of iPP crystallized for 1h at Tx = 150°C and then cooled, after 
imposing a shear pulse of (top) σw = 0.135 MPa and ts = 1.5s and (bottom) σw = 0.103MPa and ts = 1.5s. The polarizer is at 
45° for the left micrographs and vertical for the right micrographs.  Flow direction is horizontal.  Dashed lines indicate 
separation between different morphological regions, and arrows indicate some sausage-type structures. 
 
The morphologies obtained after flow-induced crystallization (Figure 3-3) can be 
significantly different from those obtained after quiescent crystallization (Figure 3-1).  At the 
Oriented skin 
σw = 0.135 MPa 
Fine grain layer 
Oriented skin 




Fine grain layer 
σw = 0.103 MPa 
Skin-like lines 
Fine grain layer 
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highest levels of stress, shear can induce the formation of highly oriented structures. Note that 
these highly oriented morphologies appear differently depending on whether the orientation of 
the polarizer is 45° or parallel to the flow direction (compare left vs. right micrographs in Figure 
3-3).   
Several morphologies can be observed at Tx = 150°C (from high to lower stresses), as 
explained earlier in the introduction:  
- Skin: The skin appears bright when the polarizer is at 45° but dark when it is vertical. 
- Skin-like lines: The lines are also going to be bright with the polarizer at 45° but not as 
bright as the skin due to non-oriented regions between them.  
- Sausages-like structures: They appear relatively bright at 45° and dark in parallel.  
- Fine grained layer: It appears fairly similarly in the micrographs in both orientations.  
Sometimes it appears slightly brighter in the micrograph with P at 45° due to small oriented 
features within this layer.  
- Core: The overall structure of the core is macroscopically isotropic, so it appears similarly at 
any angle.  
The highly oriented skin is still present at Tx = 160°C (Figure 3-4) but appears significantly 
sharper compared to the lower temperatures (Figure 3-3, top) (AUBIN, 2013). The reason is the 
absence of sausages between the skin and the fine grains. The core structure remains fairly 
similar, and at lower levels of stresses at 160°C, some non-oriented regions appear within the 
skin, splitting it into oriented lines. 
The types of morphologies are found for Tx = 150°C and Tx = 160°C (Figure 3-3 and Figure 
3-4, respectively). They are also qualitatively the same types of morphologies as observed in a 
previous study for Tx = 140°C (AUBIN, 2013). The fine grain layer tends to be thinner for Tx = 
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150°C compared to Tx = 140°C. In addition, the skin boundary appears sharper at Tx = 160°C 










Figure 3-4 Optical Polarized Micrograph (OPM) of iPP crystallized for 1h at Tx = 160°C, after imposing a pulse of σw 
= 0.134 MPa and ts = 1.5 s. The polarizer is at 45° for the left micrographs and vertical for the right micrographs. Dashed 
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Figure 3-5 Micrographs of iPP at Tx = 150°C as a function of wall shear stress σw (rows) and shear 
times ts (columns).  Flow direction is horizontal. For each pair of micrographs, the left and the right 
















































































Figure 3-6 Micrographs of iPP at Tx = 160°C as a function of wall shear stress σw (rows) and shear times ts 
(columns).  Flow direction is horizontal. For each pair of micrographs, the left and the right micrographs have the 






























3.1.3. Critical shear stress 
 
 
Figure 3-7 Critical shear stress σcrit for the highly oriented skin, averaged over the different σw, as a function of 
shearing times ts at Tx = 140°C (red squares) (AUBIN, 2013), 150°C (green triangles) and 160°C (blue diamonds).   
 
When looking at the critical shear stresses to form highly oriented skin (Figure 3-7), one can 
see a significant increase from the experiments at Tx = 140°C to those at the two higher 
temperatures (150°C and 160°C). However the critical shear stress is indistinguishable for 150 
and 160°C. There is also some mild decrease in σcrit with increasing ts for 150°C and 160°C, and 
no plateaus are observable.  There are no points after ts = 1.5s for 160°C because the extrudate 






3.1.4. Flow-induced crystallization : Real-time behavior 
 
The turbidity measurement qualitatively tracks the overall progress of crystallization at Tx = 
150°C and Tx = 160°C (Figure 3-8 and Figure 3-9 respectively). For the highest levels of wall 
shear stress σw, the turbidity displays first a decrease and then a plateau which can be related to 
the development of a highly oriented skin in the sample, consistent with previous findings 
(AUBIN, 2013) (L. Fernandez-Ballester D. T., 2012). For example, the turbidity exhibits a 
plateau for σw ≥ 0.114 MPa for Tx = 150°C (Figure 3-8), and for σw ≥ 0.124 MPa at Tx = 160°C 
(Figure 3-9).  The only exception is at Tx = 150°C, σw = 0.114 MPa and ts = 1s, which has a thin 
skin in the micrographs but does not display any visible turbidity plateau.  The absence of a 
plateau in this case might be attributed to the small thickness of the oriented features.    
 
For lower σw, the signal drops monotonically for Tx = 150°C.  At Tx = 160°C, this monotonic 
decrease is not observable due to much slower kinetics: in fact, the turbidity signal remains 














The half-time (t1/2) of the turbidity provides a qualitative measurement of the overall kinetics 
of crystallization.  At Tx = 150°C (Figure 3-10, left) t1/2 is characterized by a general decrease as 
ts and σw increase, particularly at the shortest ts.  One exception is the highest σw = 0.146MPa, 
which is fairly independent of ts in the range tested. At Tx = 160°C (Figure 3-10, right), no 
explicit variation can be observed as only a few points are present, due to the fact that most 







Figure 3-10 Half-time t1/2 of the turbidity vs. ts for iPP at Tx = 150°C (left) and 160°C (right), for each σw 
 
The birefringence signal tracks the formation of oriented crystallites in real time.  In general, 
both Tx = 150°C and 160°C (Figure 3-11 and Figure 3-12 respectively) show that for the highest 
σw and ts there is significant growth of oriented crystallites  after cessation of the shear pulse:  
birefringence grows quickly and can go over orders (manifested as peaks and valleys).  It should 
be noted that for these highest levels of σw, the birefringence shows an upturn during the shear 
pulse beyond the level of melt flow birefringence (for example, at and above σw = 0.114 MPa for 
Tx = 150°C, Figure 3-11).  In contrast, at lower σw and shorter ts, the birefringence displays a 











Figure 3-12 Real-time birefringence for iPP Tx = 160°C, for different ts at each σw 
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The occurrence of an upturn during the shear pulse has been attributed to the formation of 
oriented precursors (J.W. Housmans R. S., 2009) (G. Kumaraswamy, 1999) (J.W. Housmans R. 
S., 2009) which results in the presence of highly oriented skin in the sample, consistent with the 
present results. It was found that samples which only develop lines or sausages (oriented 
morphologies that are not a highly oriented skin) do not show an upturn in the birefringence, 
which is consistent with what was found by (L. Fernandez-Ballester D. T., 2012).  When there is 
an upturn, the birefringence does not return to the original level that was present before shearing, 
instead there is some residual whose height varies as a function of the wall shear stress and the 
shearing time.  Then, shortly after cessation of shear, birefringence grows as oriented crystallites 
are forming.  
 
Flow-induced oriented crystallization kinetics become a lot slower when Tx is increased from 
150°C to 160°C (compare Figure 3-11 and Figure 3-12). Note that samples which are subject to 
the same shearing conditions but different Tx can develop similar thickness of a highly oriented 
skin (       Figure 3-13), but the development of oriented crystallites--as observed in the 
birefringence measurements--is much more sluggish at 160°C.  This can be explained in terms of 
a lower linear growth rate G at 160°C than for 150°C (G ~ 0.00037 nm/s for 160°C vs G ~ 
0.0023 nm/s at 150°C).  However, it is also possible that the total length density (length per 
volume) of oriented precursors created during shear is different at different temperatures--even if 




               
       Figure 3-13 Comparison of OPM of iPP at Tx = 150 and 160°C and ts = 1s with highly-oriented skin at different σw. 
 
Even though the average critical shear stress is similar for 150°C and 160°C, small 
differences can be observed when the applied σw is very close to the σcrit for skin. These small 
differences are particularly noticeable when following the real-time birefringence.  For example, 
a very thin skin (Figure 3-5) and the corresponding development in birefringence (Figure 3-11) is 
observed at 0.114 MPa at 150°C once shearing is sustained for 1 s or longer.  In contrast, at 
160°C no skin is developed at 0.115 MPa for ts up to 1.5s (the maximum that could be tested) and 
there is no birefringence development during the isothermal experimental time.   
σw = 0.15 MPa 
ts = 1s 
Tx = 150°C Tx = 160°C 
 
σw = 0.13 MPa 




The time for the first birefringence peak to appear tδ=π (Figure 3-14) depends mainly on the wall 
shear stress σw that we apply: generally, the higher σw is, the sooner the first peak occurs for both 
Tx = 150°C and Tx = 160°C.  However, for Tx = 150°C and the two highest σw (0.135 MPa and 
0.146 MPa, Figure 3-14, left), the tδ=π are very similar. At Tx = 150°C and a given σw, increasing 
ts results in a decrease in tδ=π followed by a plateau (Figure 3-14 left). At Tx = 160°C and in the 
range tested (Figure 3-14, right), tδ=π is approximately constant at each of the two highest σw 
(0.134MPa and 0.147MPa, Figure 3-14, right).  Interestingly, the birefringence curves for 0.147 
MPa and 0.134 MPa at 160°C basically superimpose one another (Figure 3-12, top).  This 
suggests that, for example, shearing for 0.5 s or for 1.5 s for 0.134 MPa does not have a large 








Figure 3-14 Time tδ=π for the first birefringence peak to appear (tδ=π) for iPP at Tx = 150°C (left) and 160°C (right) as a 
function of ts, for each σw 
The real-time retardance (Figure 3-15 and  
Figure 3-16) is calculated from the birefringence signal (Figure 3-11 and Figure 3-12) and 
represents the total amount of oriented crystallites that are present in the sample.  For those 
samples that do develop highly oriented structures, the real-time retardance increases following a 
linear trend soon after cessation of flow.  However, at a certain time this linear increase of 
retardance starts deviating and slowing down particularly for the higher σw at Tx = 150°C (Figure 
3-15, σw ≥ 0.114 MPa). This change in slope is explained by the impingement that occurs 
between the kebabs that are growing from neighboring oriented precursors. This phenomenon has 
also previously been observed at Tx = 140°C (AUBIN, 2013). For Tx = 160°C ( 
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Figure 3-16), the retardance is barely starting to deviate from the linear behavior within the 




















































Figure 3-16 Real-time retardance for iPP at Tx = 160°C for each σw   
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3.1.5. Upturns and residuals 
 
The upturns in real-time retardance are significantly larger at Tx = 150°C (Figure 3-17) than 
at Tx = 160°C (Figure 3-18), just like they were larger at 140°C (AUBIN, 2013) than at 150°C. 
At Tx = 150°C and for the two highest σw (0.135 MPa and 0.146 MPa), the upturns start as soon 
as the shear pulse begins (i.e. there is no flat region corresponding to melt flow birefringence 
only).  In contrast, for σw = 0.124 MPa and below, the start of the upturn is progressively shifted 
to later times, indicating that oriented precursors form later with decreasing σw.  Once σw reaches 
0.103 MPa and below, the upturn completely disappears and the birefringence during the shear 
pulse remains fairly flat.    
 
At Tx = 160°C, the pulses for the highest stresses (0.147 MPa and 0.134 MPa) start with a 
upturn as soon as the shear pulse begin, just as it was found for 150°C (compare Figure 3-18 vs 
Figure 3-17).  However, for Tx = 160°C, after an initial increase the retardance plateaus as if it 
had reached some level of saturation. For σw = 0.124 MPa and ts = 0.5 s and 1 s, an upturn is not 
clearly distinguishable even though there is a very thin skin in the sample.  Once lower levels of 
σw are reached and no highly oriented skin is formed at all, a slightly negative slope can be 
noticed on the pulses, for example at σw = 0.095 MPa and ts = 3s (Figure 3-18). Also, residuals 





















































Figure 3-18 Zoom-in of pulse signals in real-time retardance at each level of σw for iPP at Tx = 160°C   
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For Tx = 150°C, it can be clearly observed than when there is an upturn, after cessation of 
shear the retardance remains at a residual value, i.e. it does not return to the pre-shear baseline 
retardance.  Generally, larger magnitudes of upturns appear to produce larger values of residual 
retardance.  For Tx = 160°C, the magnitudes of both upturns and residual values are very low and 
difficult to compare from Figure 3-18.  Therefore, the magnitude of the upturns and residuals for 
both 150°C and 160°C were computed as shown below (Figure 3-19) and plotted in Figure 3-20 
along with those calculated for 140°C by (AUBIN, 2013).  Upturns have been calculated by 
taking the difference between the value at the end of the pulse signal, right before the drop (3), 
minus the value at the beginning of the pulse, right after the initial increase (2). The residuals are 










Figure 3-19 Method of calculation for the upturns and residuals on pulse signals. Black arrows show the different 
points of measurements: Baseline (1), Initial peak amplitude (2), Final peak amplitude (3), Residual amplitude (4). The 











The upturn and residual retardance for experiments performed at Tx = 160°C have the same 
magnitude for each experiment (Figure 3-20 bottom).  However, as Tx is decreased, a discrepancy 
between the value upturns and residuals occurs for shear experiments of highest σw and longest ts 
(Figure 3-20 middle and top).  For example, at 150°C, the highest σw = 0.146 MPa displays a 
residual which is larger than the upturn (Figure 3-20 middle). Furthermore, at Tx = 140°C (Figure 
3-20, top, (AUBIN, 2013)), residuals are significantly larger than upturns for σw ≥ 0.114 MPa ( 
(AUBIN, 2013)), and the difference between upturns and residuals increases for higher σw and 
longer ts. A possible explanation is that for lower σw and ts the residuals are exclusively due to the 
fact that the relaxation of the structure is not complete after the shear, i.e. oriented precursors are 
formed and remain after cessation of shear.  However, for higher σw and ts the early growth of 
kebabs on the oriented precursors quickly induces some additional long-lived birefringence 























Figure 3-20 Upturns and residuals in retardance signals for iPP at Tx = 140, 150 and 160°C. Dashed lines are the 






3.1.6. Capillary rheometry 
 
Flow-induced crystallization experiments at Tx = 160°C follow the typical behavior of 
capillary rheometry:  the logarithm of the apparent shear rate ?̇?𝐴 versus log σw is a straight line for 
a shear-thinning material, with a slope β = 1/n where n is the power law coefficient (Figure 3-21 
right). In contrast, a deviation from the linear trend arises for lower Tx:  for both Tx = 150°C and 
Tx = 140°C (AUBIN, 2013) the viscosity at the highest stresses is lower than expected resulting 
in two different n values (Figure 3-21, middle and left respectively). This increase in viscosity in 
the material is attributed to the formation of significant amount of crystals already during the 
shear pulse (Zuidema, 2000). The n values for iPP in the linear range (before deviation) at Tx = 
140°C, 150°C and 160°C are n = 0.36, 0.33 and 0.35 respectively which are consistent with 
literature (Kontopoulou, 2012). After the deviation, the n values at Tx = 140°C and 150°C are n = 






Figure 3-21 Apparent shear rate ?̇?
𝑨
 vs σw for iPP. From left to right: Tx = 140°C / 150°C / 160°C.  Blue diamonds 




The lower the Tx, the lower the σw at which the deviation in rheological behavior occurs 
(Figure 3-22). For instance, at Tx = 140°C (Figure 3-22, red circles), the behavior is linear up to 
σw = 0.113 MPa whereas at Tx = 150°C (Figure 3-22, purple squares) the linear behavior lasts up 
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to σw = 0.124 MPa. At Tx = 160°C (Figure 3-22, blue diamonds), there is no deviation in the 
range of σw studied. However, based on the observation that this deviation tends to happen at 
higher σw when Tx increases, it is possible that a deviation might occur at a higher σw than those 
probed here.  
                
                               
Figure 3-22 Apparent shear rate ?̇?
𝑨
vs σw (Pa) for iPP at Tx = 140, 150 and 160°C.  Filled markers show linear 
behavior, empty markers show points that deviate.  
 
The deviation in viscosity can also be observed when plotting viscosity µ versus the true 
shear rate ?̇?𝑤 in log scales (Figure 3-23). For a shear thinning material a straight line is expected, 
as observed for Tx = 160°C. However, for Tx = 150°C and Tx = 140°C, the viscosity at the 
highest levels of shear rate shift back towards the values that corresponded to lower shear stresses 
(towards the left).  In general and as expected, for a higher Tx and a similar range of σw, lower 





Figure 3-23 µ vs γw for iPP at Tx = 140°C (a), 150°C (b) and 160°C (c) in log scale with individual σw. The three 
temperatures are grouped in (d). 
  In terms of specific work, the boundary between the experiments which develop oriented 
morphologies and those with no oriented features becomes sharper as Tx increases (Figure 3-24). 
At Tx = 140°C (Figure 3-24, a), several experiments reached σw ≥ σcrit at a low specific work but 
yet, did not display any orientation in the structure (AUBIN, 2013). Now considering higher Tx 
(Figure 3-24 b and c), the boundary is clear between the two domains (except one experiment at 
Tx = 150°C) which means that the specific work had no visible influence on the formation of 




















Figure 3-24 Specific work (Pa) vs. σw  (Pa) for iPP at Tx = 140°C (a), Tx = 150°C (b) and Tx = 160°C (c). The blue 
diamonds represent experiments resulting in the formation of oriented morphologies, the red squares represent 
experiments without oriented features. The dashed lines mark the critical shear stress:  σcrit = 0.097 MPa, σcrit = 0.107 MPa 
and σcrit = 0.110 MPa for Tx = 140, 150 and 160°C respectively (lowest value obtained for σcrit) 
 
3.1.7. Depth sectioning 
 
The depth-sectioned retardance (DS) allows to compare the contribution of each layer of 
the sample to the development of oriented crystallites in iPP at Tx = 150°C and  Tx = 160°C 
(Figure 3-25 and Figure 3-26 respectively). As expected, the highest σw (corresponding to the 
layers on the outside of the sample) are more likely to contribute to the δ, as they usually host the 





MPa) is barely visible due to its superimposition with the next layer (0.134-0.124 MPa), which 
means that the contribution of those two layers to the orientation is similar. The following layer 
(0.124 MPa - 0.114 MPa) has an early growth very similar to the two highest layers for ts ≤ 1 s. 
For increasing ts, the contributon to orientation of a given layer can increase:  for example, 
compare the 0.114-0.103 MPa layer at ts= 1.5 s and 2 s.  Note that no experiment was performed 
with σw = 0.134 MPa and ts = 2 s because the maximum extrudate amount was reached at ts = 1.5 
s.  Therefore, the contribution of the two outermost layers at ts = 2 s (0.146-0.124MPa) has not 
been calculated.  Also, note that for some depth sectioned layers, the initially linear growth 
curves after a given time indicating that impingement conditions have been reached.  In some 
cases, the impingement of a layer cannot be observed because the sample becomes too turbid for 
further measurements. 
 
At Tx = 160°C (Figure 3-26), the contribution of the layers at the highest levels of stress is 
a lot slower due to the higher temperature of crystallization.  For ts = 0.5 and 1 s, early growth of 
the first and second layers (0.147-0.134 MPa and 0.134-0.124 MPa) superimposes, although at 
later times the first layer (0.147-0.134 MPa) appears to undergoe impingement.  Note that for ts ≥ 




















Figure 3-25 Depth sectioned retardance of iPP at Tx = 150°C for each ts. Dashed lines are only to guide the eye  but 






0.146 - 0.135 MPa
0.135 - 0.124 MPa
0.124 - 0.114 MPa
0.114 - 0.103 MPa




















Figure 3-26 Depth sectioned retardance of iPP at Tx = 160°C for each ts. Dashed lines are only to guide the eye but are 
not interpolated values.  
0.147 - 0.134 MPa
0.134 - 0.124 MPa
0.124 - 0.115 MPa
0.115 - 0.104 MPa
0.104 - 0.095 MPa
0.095 - 0.086 MPa
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The initial slopes of DS provide an estimation of the relative length of oriented precursors per 
volume (i.e. the precursor “density”) that have formed during the shear pulse in a given sample.   
 
At Tx = 150°C, the initial slope of DS only shows a rise for σw ≥ σcrit, i.e. when σw ≥ 0.114 
MPa (Figure 3-27, left).  Further increase in σw results in a fairly continuous increase for ts ≤ 1 s. 
For ts = 1.5 s, a strong increase followed by a strong drop can be observed, which is reminiscent 
of the behavior found by (AUBIN, 2013) at Tx = 140°C for ts ≥ 1 s.  The value of DS ~ 0 for the 
highest σw and 1.5 s arises from the similarity of the rescaled retardance signals at σw = 0.146 
MPa and σw = 0.134 MPa before depth sectioning.  Unfortunately, as no data point was obtained 
at ts = 2 s and highest levels of σw, it is not possible to correlate this tendency. Several possible 
explanations have been suggested by (AUBIN, 2013) based on the high nucleation density such 
as destructive action between crystals due to large shear rate gradients, early formation of 
precursors leading to a lack of space for additional morphologies to form or to an increase of 
viscosity lowering the effective shear rate as explained before (Figure 3-23).  
At Tx = 160°C, the initial slopes remain very low up to σw = 0.124 MPa for ts ≤ 1 s, and 
up to σw = 0.115 MPa for ts = 1.5 s (Figure 3-27, right). Note that ts = 0.5 s and 1 s are essentially 
superimposed, showing first an increase in slope with increasing σw and then a plateau. A slight 
decrease can be spotted for ts = 1.5 s but cannot be corroborated because at this high temperature, 














Figure 3-27 Initial slopes of depth sectioned retardance for iPP at Tx = 150°C and Tx = 160°C vs σw for each ts  
These initial slopes have been normalized with the linear growth rate: G140 = 14.07 nm/s,  
G150 = 2.27 nm/s and G160 = 0.37 nm/s at Tx = 140, 150 and 160°C respectively (Z. Ma, 2013). At 







Figure 3-28 Normalized initial slopes of depth sectioned retardance (with linear growth rate G) for iPP at Tx = 140°C 











It was found that, within the temperature range investigated, lowering the temperature of 
shear and crystallization can facilitate the formation of oriented structures in terms of the critical 
shear stress for formation of a highly oriented skin σcrit. Indeed, the critical shear stress σcrit is 
significantly higher for Tx = 150°C than for 140°C.  However, further increasing the temperature 
of crystallization from Tx = 150°C to 160°C does not result in an additional increase of σcrit. It is 
important to note that at Tx = 150°C and 160°C, there is difficulty classifying some of the 
oriented morphologies as highly oriented skin or oriented lines.  
Differences in microstructure were also observed as the temperature of crystallization Tx was 
varied.  For example, the absence of regions prolific in sausage-like structures at the highest 
temperature, Tx = 160°C makes the boundary of the highly-oriented skin significantly sharper 
than that at Tx = 140°C and 150°C. A sharpening of the highly oriented skin was also found in a 
previous study as a consequence of increasing the comonomer content at fixed temperature 
(AUBIN, 2013).  In addition, the thickness of the fine-grained layer becomes smaller when 
increasing Tx from 140°C to 150°C (with fixed shearing time and stress), while there is no 
noticeable difference between Tx = 150°C and 160°C. 
The magnitude of the birefringence upturn during the shear pulse becomes smaller as Tx is 
increased. Consistently with previous studies (AUBIN, 2013) (G. Kumaraswamy R. V., 1999), 
the appearance of an upturn correlated with the formation of a highly oriented skin in the sample.  
The birefringence upturn can have contributions from the formation of oriented precursors 
themselves and from the growth--already during shear--of kebabs onto those precursors (G. 
Kumaraswamy J. K., 2002) (L. Fernandez-Ballester D. T., 2009).  Given that increasing Tx 
results in a decrease in linear growth rate of lamellae, it is not possible to assert whether the 
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smaller upturn at higher Tx is due to the formation of fewer oriented precursors during shear, to 
slower kebab growth, or to a combination of both. 
It has been shown by previous investigators (G. Kumaraswamy J. K., 2002) that kebab 
growth in iPP only occurs up to approximately the nominal melting temperature (T ~ 170°C). 
Interestingly, Kumaraswamy observed that the oriented precursors formed earlier during the 
shear pulse when Tx was increased (i.e. the upturn appeared at earlier times).  However, because 
the crystalline α-phase experiences increasingly difficulties to grow, its contribution to upturns 
and residuals decreased making their magnitude smaller, which is consistent with the findings of 
the current study. Also, another study (S. Coppola, 2004) observed that, for mild shearing 
conditions, a decrease in crystallization temperature resulted to overall increase in orientation and 
overall faster kinetics of crystallization, also consistent with the results reported here.  
It is observed that for the lowest temperatures of crystallization and highest levels of shear 
stress, the magnitude of the residual birefringence after cessation of flow is larger than the 
magnitude of the upturn during shear (Figure 3-20, top).  It would be expected that the residual is 
equal to the upturn magnitude (if all oriented structures formed during flow persist after its 
cessation) or lower than the upturn magnitude (if some of the oriented structures formed during 
flow were not stable and dissolved after cessation of flow). Aubin (AUBIN, 2013) observed a 
similar trend in which residuals remained larger than upturns for decreasing comonomer content 
and strong shearing conditions.  Similarly to his findings, here it is osbserved that the deviations 
in the residual-upturn magnitude approximately correlate with deviations in viscosity (Figure 
3-23). Indeed, capillary rheometry confirms viscosities higher than expected for strong shearing 
conditions and lower crystallization temperatures, which is attributed to a significant amount of 
crystalline kebabs being formed during shear. The results suggest that continued and rapid 
growth of kebabs after cessation of flow may add a significant contribution to birefringence by 
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the time that the melt flow birefringence relaxes and achieves its minimum value.  However, it is 
not clear that the magnitude of the discrepancy between upturn and relaxation magnitude can be 
completely explained by this scenario, and alternative explanations remain the subject of further 
study. 
The depth sectioned retardance allows comparing the relative total length per volume of 
oriented precursors at a given level of shear stress by comparing the initial slope of depth-
sectioned retardance curves.  The lowest temperature Tx = 140°C investigated in a previous study 
(AUBIN, 2013) displays first an increase  in initial slopes with increasing σw  for ts ≥ 1s and a 
sudden decrease at the highest level of stress imposed. Here, for the intermediate crystallization 
temperature of Tx = 150°C, only ts = 1.5 s exhibits a similar behavior.  Due to a limited number 
of data (related to total strain limitations of the experimental apparatus) it is not possible to assert 
whether other shearing times  larger than 1.5 s would show the decrease in slope for the highest 
level of stress.  Finally, for Tx = 160°C, this phenomenon is absent for the investigated range of 
conditions:  initial slopes increase and/or level off with increasing shear stress. 
These finding suggest that rapid growth of kebabs during the shear pulse at the lowest 
temperature of crystallization can overlap with continued formation of oriented precursors while 
flow is still imposed, causing the decrease in slope (i.e. in total thread-length per volume) at the 
highest level of stress. The prolific formation of oriented nuclei at the highest shear stress reaches 
a critical level as simultaneous growth of large quantities of kebabs progressively fills free space, 
leading to a lack of space for the precursors to form or, in some cases, to the destruction of 
already existing precursors.  When the temperature of crystallization increases, however, kebab 
growth becomes much slower.  Even if large amounts of oriented precursors are formed, the total 
volume of kebabs that is able to grow during the shear pulse cannot reach values high enough as 
to impede continued growth of thread precursors.     
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Generally, it has been found that the trends observed when increasing crystallization 
temperature are similar to those found as ethylene content is increased (AUBIN, 2013). 
Increasing comonomer content decreases the equilibrium melting temperature (and therefore the 
undercooling at a fixed crystallization temperature), which is analogous to increasing the 
crystallization temperature for a fixed type of polymer.  Likewise, both raising the temperature of 
crystallization and adding random comonomers decrease the kinetics of crystallization as they 





3.2. Raco 7 
3.2.1. Quiescent behavior 
 
The morphology obtained after quiescent crystallization at Tx = 130°C and 1h ( 
Figure 3-29) shows a spherulitic structure with an average radius ~ 35 µm per spherulite and 
a transcrystalline layer ~ 40-45 µm thick. The linear growth rate for Raco 7 at Tx = 130°C is G ~ 
0.0074 µm/s (Z. Ma, 2013), therefore a crystallization process that proceeds for 1 h is estimated 
to result in a growth of ~ 30 µm, which is consistent with the thickness of the transcrystalline 
layer.  The transcrystalline layer appears slightly brighter in the optical micrographs with the 
polarizer P parallel to the flow direction ( 
Figure 3-29, right) than when P is 45° to flow ( 








Figure 3-29 Optical polarized microscopy (OPM) of Raco 7 after isothermal crystallization at Tx = 130°C for 1h and 
then quickly cooled to room temperature. The direction of flow (F), polarizer (P) and analyzer (A) are shown by the 
arrows.   
 
After a 10h quiescent crystallization at Tx = 130°C, the spherulitic microstructure is similar to 







grown and that no transcrystalline layer is observed (Figure 3-30). For a 10 h isothermal 
crystallization process, it is estimated that a growth of ~ 270 µm would occur (based on the 
estimated G above).  However, the larger spherulites observed in Figure 3-30 have a radius of 
about half that size. One hypothesis is that their nucleation started later during the isothermal, or 
G has been overestimated. The rest of the microstructure (smaller spherulites) likely grew while 
the sample was being cooled down, which would explain the relatively high density of nucleation 
and its similarity with the microstructure in  
Figure 3-29. Also, note that a change in the growth habit of the large spherulites can be 
observed:  the inner zone corresponds to the size the spherulite reached during the isothermal 
while the outer area represents the growth that occurred after cooling down had started. This 
double edge behavior and the spherulitic core are very similar to what was observed at Tx = 









Figure 3-30 Optical polarized microscopy (OPM) of Raco 7 after isothermal crystallization at Tx = 130°C for 10h and 







It takes t1/2 = 19500 s for the turbidity to reach 0.5 (Figure 3-31, left). No variation can be 
observed in the turbidity or birefringence signal for the 1h quiescent test (purple). As explained 
above, the small spherulites in the microstructure likely grew during the quenching so they did 
not play any role in the optical responses. However, the big spherulites are likely the cause of the 

































Figure 3-32 Optical Polarized Micrograph (OPM) of Raco 7 crystallized for 1h at Tx = 130°C and then cooled, after 
imposing a shear pulse of (top) σw = 0.147 MPa and ts = 0.5s and (bottom) σw = 0.104 MPa and ts = 5s. The polarizer is at 
45° to the flow direction for the left micrographs and vertical for the right micrographs.  Flow direction is horizontal.  
Dashed lines indicate separation between different morphological regions.   
Fine grained layer 
Core 
Fine grained layer 
Skin-like lines 
Skin-like lines 








Qualitatively, the same types of morphologies (highly oriented skin, skin-like lines, fine 
grained layer, and core) are formed for Raco 7 as for iPP (Figure 3-32). The transition from 
highly oriented skin to the fine-grained layer is sharp, as no sausages can be spotted in any 
samples (Figure 3-32, top). The fine grained-layer tends to appear at σw = 0.132 MPa and below, 
and presents oriented features in some cases (it appears for lower σw and high ts) as the structures 
inside look stretched and are brighter when P is at 45° (Figure 3-32, bottom). The fine-grained 
layer becomes increasingly visible when ts increases for a given σw. At σw = 0.147 MPa, the OPM 
only displays a gradient (smaller near the wall and larger towards the center) in spherulites  size 
but no clear layer boundary can be spotted. 
The results are similar to what was observed at Tx = 140°C (AUBIN, 2013), but no “black 
layer” was clearly spotted at Tx = 130°C. No sausages were observed and some fine-grained layer 




Figure 3-33 Micrographs of Raco 7 at Tx = 130°C as a function of wall shear stress σw (rows) and shear times ts (colums).  
Flow direction is horizontal, as shown by the arrow F. For each pair of micrographs, the left and the right micrographs have the 



































































Figure 3-34 Micrographs of Raco 7 at Tx = 130°C as a function of wall shear stress σw (rows) and shear times ts 
(columns).  Flow direction is horizontal. For each pair of micrographs, the left and the right micrographs have the 





























3.2.3. Critical shear stress 
 
 
Figure 3-35 Critical shear stress σcrit for the highly oriented skin, averaged over the different σw, as a function of ts at  
Tx = 130°C (blue diamonds), and 140°C (red squares).  Data for 140C has been reproduced from (AUBIN, 2013) for 
comparison.  
 
Raco7 at Tx = 130°C displays a fairly constant σcrit for the range of ts tested (σcrit~ 0.107 
MPa), with the exception of ts = 0.5 s which show a slightly higher σcrit~ 0.121 MPa (Figure 
3-35). There is no significant variations between Tx = 130°C and 140°C. Note that the range of ts 
tested at Tx = 130°C is larger than for 140°C.  As previously explained for iPP (Figure 3-7), when 
Tx increases the larger extrudate amount (due to lower viscosity) limits the maximum value of ts 






3.2.4. Flow-induced crystallization: Real-time behavior 
 
The turbidity signals at Tx = 130°C display similar shapes as those obtained for iPP at Tx = 
150°C with a monotonic decrease for mild shearing conditions, and slope changes or plateaus 
when oriented features form at stronger flow conditions (Figure 3-36).  During the experimental 
time, the turbidity of Raco 7 at 130°C is generally able to almost extinguish the laser light 
passing through the sample.  In contrast, previous experiments at Tx = 140°C resulted in most 
samples not becoming turbid during the isothermal hold (AUBIN, 2013).  For example, at 140C 
only one experiment (σw = 0.123 MPa, ts = 3 s) was able to reach 0.5 in turbidity while all other 
tests barely started to become turbid. Note that due to the higher viscosity of Raco 7 at 130°C, 




Figure 3-36 Turbidity profiles of Raco 7 at Tx = 130°C for several ts for each σw 
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The turbidity half time t1/2 strongly decreases when ts first is increased, and then plateaus in 
most cases beyond ts ~ 2 s, except for the two highest σw which show a sharp drop in t1/2 when ts 
reaches 4 s (Figure 3-37). This strong drop at ts = 4 s is due to the rapid decrease of the intensity 
down to a large plateau which has a relative intensity below 0.5 (Figure 3-36, σw = 0.147 MPa 
and 0.132 MPa, dark blue curves).  
 
 
Figure 3-37 t1/2 of the turbidity for Raco 7 at Tx = 130°C versus ts at different σw. 
 
The real-time birefringence of Raco 7 at Tx = 130°C (Figure 3-38) shows the typical square 
signals for the experiments that result in non-oriented microstructure as well as the upturns for 
samples that do develop a highly oriented structure (explained in detail in the iPP section).  The 
birefringence traces of Raco 7 at 130°C are also characterized by very large residuals after 










































When looking at σw = 0.147 MPa for ts = 3 and 4 s, the first peak appears very soon resulting in 
residuals around 0.7. The close-up view of the shear pulse in this particular case (Figure 3-39) 
shows that for ts = 4s, the signal does not behave as the others and seems saturated (there is no 
clean drop but instead, a decrease in several steps). This could be the sign that the growth of the 
kebabs arises very early, perhaps during the pulse itself, and that the birefringence became so 
large that it would already go over orders before the end of the shear. At Tx = 140°C, the 
birefringence displayed smaller residuals than for 130C, and a behavior similar to iPP at Tx = 









The time for occurrence of the first peak in birefringence t(δ=π) for Raco 7 generally decreases 
with increasing σw applied. Also, at fixed σw, t(δ=π) generally displays a decrease with increasing ts 
and then appears to plateau (Figure 3-40). 
 
Figure 3-40 Time tδ=π for the first birefringence peak to appear (t(δ=π)) for Raco 7 at Tx = 130°C as a function of ts, for 
each σw. 
 
The real-time retardance displays once again a linear trend up to the point where the kebabs 
structures start to impinge resulting in a deviation in retardance growth (Figure 3-41). To make it 
easier to follow, dashed lines have been inserted to link the data points. These lines are here to 
guide the eye and are not interpolated behavior. One can see that for the highest stress (σw = 






























3.2.5. Upturns and residuals 
 
Upturns and residuals have a similar magnitude except for the highest stress σw = 0.147 MPa 
and ts = 1.5 s and above, for which the residuals become significantly larger than the upturns 
(Figure 3-42). At Tx = 140°C, upturns and residuals followed the same trend as a function of ts 
for a given σw. 
 
 
Figure 3-42 Upturns (dashed lines) and residuals (solid lines) in retardance for Raco 7 at Tx = 130°C versus ts at 
different σw 
 
3.2.6. Capillary rheometry 
 
As observed for iPP, decreasing Tx ultimately results in a deviation from a linear trend when 
plotting ?̇?𝐴 versus σw in logarithmic scale ( 
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Figure 3-43). For Raco7, the deviation occurs at σw = 0.122 MPa and above for Tx = 130°C, 
but was not observed for Tx = 140°C ( 
Figure 3-43, left and right respectively). Thus, at 140°C the polymer behaves as a regular 
shear-thinning material over the range of tested flow conditions. The calculated power law 
coefficient at Tx = 130°C is n = 0.34 for Raco 7 before the deviation and n = 1.40 after the 









Figure 3-43 Apparent shear rate γA vs σw for Raco 7. From left to right: Tx = 130°C and 140°C (AUBIN, 2013).  Blue 
diamonds represent data that follow the linear trend, and red squares represent points that deviate from this trend.   
 
The temperature does not seem to affect the power law coefficient as the two slopes are very 
close together: the two curves appear parallel (Figure 3-44). The gap between the two appears 
large as the scale is magnified but it is not significant (as it would mean that the viscosity is 

















Figure 3-44 Apparent shear rate ?̇?𝑨 vs σw for Raco 7 at Tx = 130°C (green triangles) and 140°C (blue diamonds)  
(AUBIN, 2013). Filled markers show data points following the linear trend, empty markers show data points that deviate. 
 
   The viscosity µ for Raco 7 at Tx = 130°C decreases along a straight line when plotted in 
logarithm scale versus the true shear rate ?̇?𝑤 as expected for a shear-thinning material, up to σw = 
0.122 MPa where it starts to deviate. The data points for higher σw are stacked together, with each 




           
     Figure 3-45 Viscosity µ versus true shear rate ?̇?𝒘 for Raco 7 at Tx = 130°C with individual stresses in logarithm scale. 
 
In the range of ?̇?𝑤 studied, µ for Raco 7 at Tx = 140°C does not deviate from its linear trend 
and reaches lower µ and higher ?̇?𝑤 than at Tx = 130°C (Figure 3-46). This behavior is similar to 
the one observed with iPP at Tx = 160°C. 
            
Figure 3-46 Viscosity µ versus true shear rate ?̇?𝒘 in logarithm scale for Raco 7 at Tx = 130°C (blue diamonds) and 




The critical work at Tx = 130°C is clearly segregated in two groups when plotted versus the 
σw (Figure 3-47) with the experiments resulting in orientation in the microstructure on one side 
(blue markers) and the experiments that do not display any orientation (red markers). At Tx = 
140°C, this transition was not that sharp (AUBIN, 2013). Now when looking at σw ~ 0.107 MPa 
and increasing specific work (Figure 3-47, dashed arrow), one can see that there is a threshold to 
trigger the orientation in the sample. This means that in this case, the specific work has an 
influence on the formation of oriented features. 
 
 
                             
Figure 3-47 Specific work (Pa) vs. σw (Pa) for Raco 7 at Tx = 130°C. The blue diamonds represent experiments 
resulting in the formation of oriented morphologies, the red squares represent experiments without oriented features. The 
dashed line represents the threshold in specific work between oriented and non-oriented. The dashed arrow shows the 






























3.2.7. Depth sectioning 
 
When looking at the individual contribution of each layer to the overall retardance signal 
(Figure 3-48), the outermost layer (0.147 – 0.132 MPa, pink) has the largest contribution for all ts 
(except for ts = 5 s such high shear stress couldn’t be used due to limitations of the flow cell). The 
contribution of the 0.132 – 0.122 MPa layer is slightly higher than the one of 0.122-0.113 MPa 
for ts ≤ 1 s but they become very similar when ts ≥ 2 s.  The layer that corresponds to 0.113 – 
0.104 MPa has an increasing contribution to retardance with increasing shearing time and 
becomes significant at ts = 1.5 s. The retardance of the innermost layer retardance remains very 
low in all cases.  
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Figure 3-48 Depth-sectioned retardance for Raco 7 at Tx = 130°C for each ts. Dashed lines are guidelines. 
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         Three different behaviors are displayed by the initial slopes of the DS retardance versus the 
σw (Figure 3-49). The first one is a fairly continuous increase for ts = 0.5 s and 1 s starting 
between 0.11 and 0.12 MPa, indicating that the total length per volume of oriented precursors 
formed during flow gradually increases when σw increases. The second one is adopted by ts = 1.5 
s and 2 s and is characterized by a first increase, followed by a decrease and then a strong 
increase. The third type of variation is an increase at lower σw than the two previous behaviors. 
This increase is continuous for ts = 3 s but progressively turns into a decrease for ts = 4 s. The 
number of data points for ts = 5 s is not sufficient to be interpreted.  
 
 
            









Only two temperatures can be compared so far: Tx = 140°C from a previous study (AUBIN, 
2013) and a lower temperature investigated here, Tx = 130°C.  Additional temperatures are 
currently the subject of further study to clearly reveal the influence of temperature on flow-
induced crystallization of a random copolymer, Raco 7.   
For Raco 7, the lowest Tx = 130°C results in larger magnitudes of upturns and residuals than a 
higher temperature of 140°C.  This trend is similar to that found in the homopolymer case.  Also, 
capillary rheometry shows a deviation of viscosity towards higher than expected values at 130°C 
and strong shearing conditions, which is attributed to significant growth of kebabs during shear. 
Interestingly, this does not seem to have the same impact on the total thread-length per volume as 
for iPP:  Raco 7 does not display a drop in the initial slope of depth-sectioned retardance at the 
highest levels of stress.  In addition, the critical shear stress for the skin does not significantly 













The influence of shearing temperature on flow-induced crystallization (FIC) of iPP has been 
investigated over a wide range of shear stresses and shear times.  The range of tested 
temperatures was between Tx = 140°C and 160°C. 
It was found that the critical shear stress for formation of a highly oriented skin increased as 
Tx was raised from 140°C to 150°C.  However, further increase of Tx up to 160°C did not result 
in a significant additional increase of the critical shear stress.  It should be noted that at the 
highest temperatures (150°C and 160°C) and borderline cases (wall shear stress ~ critical shear 
stress) it was sometimes difficult to distinguish between highly oriented skin and other types of 
oriented structures.  Nevertheless, it is clear that the lowest temperature (Tx = 140°C) required a 
lower stress level to trigger the formation of a highly oriented skin.  It was also observed that the 
highest temperature Tx = 160°C was characterized by the absence of sausage-like structures, thus 
increasing the sharpness of the highly oriented skin boundary.  Also, the thickness of the fine-
grained layer became smaller as Tx was raised.    
The results indicate that the growth of large amounts of kebabs during the shear pulse at the 
lowest temperatures can affect the overall thread-length per volume that forms by the end of the 
shearing pulse.  Indeed, at the lowest temperature, the strongest shear stress does not result in the 
highest thread-length per volume and is accompanied by deviations in viscosity and in the upturn 
and residual magnitudes of the birefringence.  It is suggested that the rapid growth of large 
volumes of kebabs during shear interferes with continued formation of oriented precursors and/or 
causes destruction of precursors already formed.  These phenomena progressively disappear as 
the temperature is raised to 150°C and 160°C.  Industrial processing of polymer melts often 
involves significant crystallization while flow is still imposed.  Therefore, these results highlight 
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the necessity of further studying how substantial crystallization during shear affects the basic 
mechanism of flow-induced crystallization.    
Generally, it has been found that increasing temperature has similar effects on flow-induced 
crystallization of iPP as does increasing the ethylene content of an iPP-based random 
comonomer.  The impact of temperature on flow-induced crystallization on a copolymer (Raco 7) 
has been studied for only two temperatures and, to date, displays some similarities with the 
behavior of iPP.  However, current and future work will expand the range of temperatures for R7 
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6. APPENDIX 1 : MICROTOMING PROCESS 
 
 Step 1 : Selecting the area to cut 
The area to cut is function of what we want to observe. In most cases in this study, the 
selected area was along the flow axis, in the middle of the cell’s window print on the sample, to 
be able to correlate the micrographs with the real-time optical measurements. This selected area 










When preparing the sample, one has to make sure that there are as few bubbles as possible on 
the surface that is going to be cut, as those bubbles will eventually become holes in the cut. 
Therefore the selected area can include a little bit more or a little bit less than half of the window. 
It is also important to have enough room to hold the sample properly, otherwise it might move 




Surface to observe with OPM (A) 
Cutting axis (B) 
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 Step 2 : Mount the sample on the holder 
The sample has to be mounted between the pliers of the holder, with the face (A) on the top: 




When placing the sample, one has to pay attention to the distance between the edge of the 
sample that we want to cut (A) and the pliers (green arrow), as the blade could be damaged if the 
holder is too close. Therefore, it is important to leave enough thickness for all the cuts needed 
without touching the holder. On the other hand, it is also important to mind the grip of the pliers 
(red arrow) so that the sample does not move during the cut. 
 
 Step 3 : Execute the cutting 
 
The sample holder is mounted on the machine and the sample has to be as vertical as 
possible. Once this is done, the screw is tighten and the blade is mounted. It is important to first 
mount the holder and then the blade to make sure the edge of the blade does not get damaged 
when inserting the holder. 
The macro and micro feed knob are used to adjust the position of the sample in order for the 
blade to remove thin layers. 
The first step is to remove the layers on the top as they have been damaged by the razor blade 
when preparing the sample. If there are bubbles, they need to be removed as well. 
Once the edge of the sample is clean, the micro feed knob is used to move it by twenty 
increments after which it is slowly lowered to allow the blade to cut it gently.  
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When going through the whole thickness, the blade should be able to remove the layer and 
drop it. However in some cases the cut will remain attached to the sample, it is therefore 
necessary to remove it manually using tongs. 
It is possible that the cut does not remain flat. In such case, one can try to make it flat using 
the tongs either before removing it from the sample (if it remained attached once cut) or once it 
lies on the microscope slide. 
 
 Step 4 : Place the cut on the microscope slide 
 
The cut is placed on a clean microscope slide and set as flat as possible.  
One can now proceed to the next cut. While making several cuts for a sample, it can be 
interesting to selected different spots on the blade and inside the sample. To do this, some layers 
can be removed between the cuts (which allows to get cuts from deeper in the sample) and the 
transverse position of the blade can be changed (if the blade is damaged in one spot, moving the 
blade allows to test different locations to avoid having all the cuts marked by blade artefacts). 
Once all the cuts are made and put on the slide, add another slide on top while making sure 








 Figure 7-1 Critical shear stress σcrit for the skin-like lines in iPP, averaged over the different σw, as a function of ts 





 Figure 7-2 Critical shear stress σcrit for the skin-like lines in Raco 7, averaged over the different σw, as a function 
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